Abstract. In this paper, both a theoretical and an experimental study of the dynamic performance of a commercial fuel cell are described. The analysis has been focused in the start up and shutdown processes because they allow analysing the influence of different parameters. In this sense, the evolution of the stack and the environment temperatures can be observed, which allows measuring the heat released by the fuel cell. Moreover, the analysis of the flow of hydrogen and air allow obtaining various models for simulating the fuel cell system. Finally, the graphics associated with the variation of the stack voltage and current make possible to obtain the characteristic equations of these fuel cell systems, in order to provide power for auxiliary devices when the battery is not operating.
Introduction
Electric market liberalization and environmental conditions configure a future guided to energy diversification, with significant increases in the use of clean energies and energy efficiency. This way, a tendency to the development of flexible and adaptable systems, with enough capacity to satisfy foreseen demand, is configured.
In this scenario, fuel cells are devices where chemical reaction energy becomes in electricity without combustion, being one of the most promising technologies as future alternative. Their high efficiency, silent character, low emission of pollutants and flexibility with the use of fuels can be highlighted. They use hydrogen as fuel, being transformed directly into electrical energy in a similar process as in conventional batteries. Hydrogen is not in free form in nature, but appears being part of other fuels like natural gas, methane, propane, ethanol, etc., from where it can be extracted to be used in the fuel cell. Additionally, hydrogen production with renewable sources and its later use in fuel cells facilitates a clean energy source to which a brilliant future is foreseen.
Besides, fuel cells performance does not depend on the Carnot cycle, so that, ideally, the free energy of the reaction could become totally in electricity. In practise, nevertheless, electrodes over potentials produce efficiencies lower than 100%. It must be observed that electrochemical produced reactions are exothermic, so that the combined use of electricity and heat (cogeneration) produces a higher net efficiency.
Moreover, because of the complexity of the processes and the high number of devices in fuel cells, the time constant is in the range of several seconds and not in the range of micro or milliseconds. Additionally, the nominal power of fuel cells is from some W up to several MW, for portable and stationary units [1] . Also, they can work at different pressures and temperatures, which vary from the atmospheric pressure up to 100 times its value and from 20 up to 1000ºC, respectively [2] .
Within this context, fuel cells present numerous characteristics that grant them a promising future. Thus, their characteristics favour their integration into Distributed Generation systems, Trigeneration and Hybrid Technologies [4] [5] , as well as in the design of isolated or interconnected Electric Microgrids [3] - [6] . This paper presents the experimental results obtained during the start up and shutdown of the commercial fuel cell Nexa Power Module (Ballard Power Systems, Inc.).
PEMFC -Proton Exchange Membrane Fuel Cell
A PEM fuel cell is composed of an active layer, a diffuser layer and the terminals of the anode, the cathode and the membrane [7] .
The hydrogen is introduced in the anode and arrives by diffusion to the catalytic layer of the anode. Here, an electrochemical reaction that liberates electrons and protons takes place. The electrons produced go towards the anode collector plate and they arrive, through an external load circuit, to the cathode. On the contrary, the protons cross the membrane towards the cathode. The overall process that takes place is represented by (1). Figure 1 presents the disposition of the different elements that constitute this type of fuel cell.
Fig. 1. Schematic representation of a PEMFC fuel cell
Therefore, three different phases react simultaneously in the cathode to produce water: firstly, protons coming from the anode through the membrane; secondly, electrons produced in the anode and arriving to the cathode collector plate through the external circuit; and thirdly, oxygen.
The water obtained in this process must be administered appropriately because a water excess causes the oxygen not to arrive efficiently to the active parts. On the contrary, excessive desiccation dries the polymeric membrane, producing a reduction in the protonic conduction.
On the other hand, given that the electrochemical reaction that takes place in fuel cells is exothermal, the use of fuel cells to obtain heat and electricity simultaneously (cogeneration and trigeneration) leads to a higher global efficiency.
In the next paragraphs the expressions that define the behaviour of these types of fuel cells are presented.
The exit voltage of a simple cell can be represented as expressed in (2) [8] :
where, E NERNST is the thermodynamic potential, and v act , v ohmic and v con are the activation, ohmic and concentration overpotential, respectively.
In relation to the reversible voltage of the cell, the value of E NERNST [9] is given by (3):
where ΔG is the change in Gibbs free energy (J/mol); F the Faraday constant; ΔS the change in entropy (J/mol); R the universal gas constant; and P H2 and P O2 the partial pressures of hydrogen and oxygen (atm), respectively. T is the fuel cell operating temperature (K), and T ref the reference temperature. Equation (3) 
Besides, to consider the dynamic model of the fuel cell, we need to take into account the phenomenon called "Charge double layer", [11] . The differential equation that allows obtaining the dynamic response is represented by equation (5).
where v d represents the dynamic voltage of the fuel cell, C is the equivalent electric capacity (F) and τ is the electric time constant (s), defined as indicated in expression (6).
( )
where R a represents the equivalent resistance.
Assembling terms, it is possible to define the voltage of the fuel cell by means of expression (7).
On the other hand, for a fuel cell stack fed with pure hydrogen, the fuel consumption can be obtained by means of expression (8). 
being n the number of cells, in series connection, that are used to constitute the fuel cell stack.
Additionally, the air mass flow rate (kg/s) can be obtained by using expression (10) . (10) where λ is the stoichiometric rate.
In addition, the rate of water production (kg/s), during the operation of the stack, can be calculated by means of expression (11).
Most of the variables seen up to now depend on the operating pressure and temperature. The variation of these operating conditions directly affects the operation of the fuel cell. At higher operating temperatures and pressures, the fuel cell voltage will be increased, as well as its efficiency, for a certain current value.
The operating temperature of a fuel cell can be obtained by using equation (12).
where M is the mass of the cell (kg); C s is the equivalent average specific heat coefficient (J/kgK) and Q Δ is the rate of heat variation (J/s).
The value of
s M C ⋅ must be computed as the sum of the products of the individual masses and heat coefficients corresponding to all cell components (as with graphite and iron, for example).
The ratio of variation of heat is computed as the difference between the rate of the heat generated during the fuel cell operation and the rate of the heat that is removed by the cooling system, as it is represented by expression (13).
Finally, the rate of heat generation by the fuel cell can be obtained by means of expression (14).
where P FC is the electric power provided by the fuel cell and η is its efficiency.
Experimental results
In this section, the experimental results, obtained in laboratory tests of an electrical micro-grid fed with a fuel cell, are presented. The experimental micro-grid is installed in a laboratory of the Department of Electrical Engineering of the University of the Basque Country. The test bench has been configured to analyse the behaviour of fuel cells in the start up and shutdown processes.
The fuel cell tested is the Nexa Power Module (Ballard Power Systems, Inc.) [11] , which operates with nonregulated output voltage. Figure 2 shows the block diagram of the fuel cell.
Fig.2. Scheme of the Fuel Cell Nexa Power Module
To correctly interpret the results of the tests presented in the following figures, all the figures contain the state of a control signal named "power". When the fuel cell is started, the state of the signal changes from 0 to 1. Similarly, in the shutdown, the signal state changes from 1 to 0.
A. Fuel cell start up process
The fuel cell, in steady state, supplies power not only to external loads but also to the auxiliary devices needed for the proper performance of the system. For that reason, during the start up process, a source of external energy is required to initiate and sustain the electrochemical reactions of the fuel cell. Following, a set of graphics are presented, which allow checking the values of the most significant parameters during this start up process of the fuel cell system.
Since the polarization curve of the fuel cell depends on the temperature, the evolution of the stack temperature is shown in figure 3 . This temperature must be below 73ºC, to preserve the thermal characteristics of the fuel cell.
Fig.3. Stack temperature
With regard to air, the oxygen concentration for the electrochemical reaction of the fuel cell is shown in figure 4 . It contains up to 21% oxygen. It must be pointed out that for proper operation of the system, the oxygen sensor must detect an oxygen concentration in air greater than 18.7% (levels lower than 19.5% are biologically inactive).
Fig.4. Oxygen concentration
In relation to the ambient temperature, it has influence in the heat transference from the stack to the surrounding space. Figure 5 shows the evolution of the ambient temperature to operate the fuel cell system.
Fig.5. Ambient temperature
The evolution of the battery voltage is shown in figure 6 . In this aspect, it must be said that the manufacturer warns that this voltage should be between 18 and 30 V.
Fig.6. Battery voltage
Moreover, the fan provides the air flow required to dissipate the heat released in the electrochemical reaction of the fuel cell. As the current density increases, the energy released as heat increases. For this reason, the air flow supplied by the fan has to increase to evacuate the excess of thermal energy. Also, the air flow delivered by the compressor should be increased, so that it can oxidize additional fuel. As it is shown in figure 7 , immediately after the signal power takes value (1), the fan operates at 50% of its work cycle, and one second later the air compressor starts up.
Fig.7. Fan and compressor working cycles
Besides, the hydrogen valves are opened a second after the ignition signal. Figure 8 shows the flow rate of hydrogen consumed by the stack. The peaks in this graph indicate the purging work to clean the stack impurities.
Fig.8. Flow rate of hydrogen consumed
On the other hand, as it can be seen in figures 9 and 10, if the stack voltage is greater than 38 V, the purging cell voltage will be greater than 1.5 V, after 6 seconds. In these conditions, the auxiliary devices will be fed from the fuel cell stack. The air flow absorbed by the stack is shown in figure 12 . Finally, figures 13 and 14 show the evolution of the fuel cell stack current and power, respectively. 
B. Fuel cell shutdown
In the process of fuel cell shutdown the auxiliary devices that were supplied from the fuel cell stack pass to receive energy from the battery incorporated to the system. Figures 15 to 17, included in this section, show the behaviour of the fuel cell in this process.
Figures 15 and 16 show the performance of the fan and the air compressor, respectively. In figure 15 , it can be observed that, since the fan is operating at 35% of its cycle, it does not change its value at the instant when the power signal is inhibited (9 seconds). On the other hand, in Figure 16 we can see that the air compressor is adjusted to 70% of its working cycle, for draining wastewater, when the power signal is inhibited. 
Conclusions
This paper has presented the main characteristics of the start up and shutdown processes of a commercial fuel cell. In this sense, different tests have been developed in an electrical micro-grid fed with the fuel cell, where measurements of different parameters have been taken.
Thus, the evolution of the fuel cell stack and ambient temperatures has been presented. These temperatures are interesting to evaluate the average coefficient of heat transfer to the fuel cell stack, for the thermal models of fuel cells. In this context, measurements have also been made to provide insight into the operation of the fan, designed to facilitate the flow of the heat generated in the electrochemical reaction of the fuel cell. Regarding the measurements of the oxygen concentration, these values allow knowing the amount of oxygen that is needed to maintain the electrochemical reaction in the cathode of the fuel cell. Considering this aspect, graphics that allow analysing the behaviour of the air compressor are included. Besides, this fuel cell system has a battery that provides power for auxiliary during the start up. In this sense, data are provided to detect the transition between different states of operation of the battery.
Finally, data concerning consumed hydrogen and various electrical signals from the cell stack and purge sensor are included.
